Introduction {#eva12394-sec-0001}
============

In many ecosystems, the environment will change rapidly along multiple axes in the coming century, so that the physiological demands imposed by multiple stressors may constrain both plastic and evolutionary responses to global change (Crain et al. [2008](#eva12394-bib-0013){ref-type="ref"}; Hoffmann and Sgrò [2011](#eva12394-bib-0024){ref-type="ref"}; Boyd et al. [2015](#eva12394-bib-0007){ref-type="ref"}; Deutsch et al. [2015](#eva12394-bib-0015){ref-type="ref"}). These constraints will be driven by trade‐offs, which occur whenever two traits cannot be simultaneously optimized (Agrawal et al. [2010](#eva12394-bib-0001){ref-type="ref"}). This can happen at a genetic level, when two traits are genetically correlated, thereby constraining evolution if selection acts in a direction that opposes the direction of their correlation (Walsh and Blows [2009](#eva12394-bib-0042){ref-type="ref"}; Bubliy et al. [2012](#eva12394-bib-0008){ref-type="ref"}). Trade‐offs can also occur at the level of an individual organism\'s physiology, when resources allocated to one function cannot be allocated to another, thereby constraining the ability perform two functions (e.g., tolerate co‐occurring stressors) simultaneously (Sokolova [2013](#eva12394-bib-0040){ref-type="ref"}).

Genetic trade‐offs occur because genetic variation and natural selection are usually multivariate, and evolution depends on the degree to which genetic variation is aligned with the 'multivariate direction of selection' (Blows and Hoffmann [2005](#eva12394-bib-0006){ref-type="ref"}). Although genetic correlations are unlikely to completely halt evolution (Schluter [1996](#eva12394-bib-0037){ref-type="ref"}), they can easily slow the rate of adaptation (Walsh and Blows [2009](#eva12394-bib-0042){ref-type="ref"}), an important consideration given the present rate of environmental change (Hellmann and Pinedakrch [2007](#eva12394-bib-0022){ref-type="ref"}; Lau and terHorst [2015](#eva12394-bib-0029){ref-type="ref"}). For example, a population might possess genetic variation for tolerance of high salinity, and genetic variation for tolerance of thermal stress, but if there is a negative correlation between these two traits, adaptation to both stressors simultaneously will occur more slowly than to either one in isolation, such that the diminished rate of evolutionary change might preclude evolutionary rescue. Relatively few studies have considered trade‐offs involved in stress adaptation (but see Etterson and Shaw [2001](#eva12394-bib-0018){ref-type="ref"}; Williams et al. [2012](#eva12394-bib-0044){ref-type="ref"}; Oakley et al. [2014](#eva12394-bib-0032){ref-type="ref"}; Chirgwin et al. [2015](#eva12394-bib-0012){ref-type="ref"}; Sørensen et al. [2015](#eva12394-bib-0041){ref-type="ref"}), limiting the ability to predict both the rate and correlated effects of evolutionary responses to environmental change.

Physiological trade‐offs typically occur through competing demands on metabolism (Sokolova [2013](#eva12394-bib-0040){ref-type="ref"}). For example, hypo‐osmotic stress can increase energy requirements of homeostasis through energetic costs of ion regulation (Kidder et al. [2006](#eva12394-bib-0027){ref-type="ref"}), and in ectotherms, the energetic requirements of basal metabolism increase with increasing ambient temperature. Thus, if available energy remains constant, higher temperatures should lower tolerance of hypo‐osmotic stress through competing demands for the same pool of resources. In the absence of energetic constraints, it is also possible for two functions to trade‐off more directly, as in the case where two functions require opposing changes in gene regulation. In either case, the effects of multiple stressors are poorly understood (Altshuler et al. [2011](#eva12394-bib-0002){ref-type="ref"}), and because stressors may interact in nonadditive ways, the potential effects of multiple stressors often cannot be understood from single‐stressor studies.

Importantly, two traits may be positively genetically correlated, but nevertheless experience a physiological trade‐off. For example, if stress tolerance traits are limited by resource availability, genotypes with greater ability to acquire resources may exhibit greater tolerance to both heat and hypo‐osmotic stress, leading the two traits to appear to be positively genetically correlated (Houle [1991](#eva12394-bib-0222){ref-type="ref"}). Nevertheless, the competing energy demands imposed by each stressor may mean that *simultaneous* exposure to hypo‐osmotic stress would lower heat tolerance.

Either physiological or genetic trade‐offs may alter the demographic response to environmental change. Within a generation, synergistic physiological effects of multiple stressors may produce a greater demographic impact than would have been predicted from either of the stressors' individual effects. Across multiple generations, negative genetic correlations among stress tolerance traits may alter the likelihood of evolutionary rescue if selection for one tolerance trait tends to deplete genetic variation for the response to other stressors. However, despite their importance, the possibility of both physiological and genetic trade‐offs have rarely been tested together in the same system.

Here, we report the results of a series of experiments using the intertidal copepod, *Tigriopus californicus,* to test responses to two stressors commonly faced by organisms in coastal habitats: heat stress and changes in salinity. *T. californicus* is a small (\~1 mm) crustacean, abundant in rocky splash pools along the Pacific coast of North America. These pools are not regularly inundated by tides, and experience large fluctuations in both temperature and salinity. As a consequence, *Tigriopus* is extremely tolerant of fluctuations in both temperature (Kelly et al. [2012](#eva12394-bib-0025){ref-type="ref"}) and salinity, with the ability to survive salinities ranging from 2 to 100 ppt (\<1/10th to 3× normal sea water; Burton and Feldman [1983](#eva12394-bib-0011){ref-type="ref"}). Heat and high salinity stress often co‐occur in this habitat, with pools becoming saltier and more thermally stressful as they heat up and evaporate. Shallower pools also experience greater hypo‐osmotic stress, as they are more easily flushed by rainwater. Given that heat and salinity stress may co‐vary in space and in time, we were interested in whether responses to these stressors might incur trade‐offs with responses to the others.

We tested for trade‐offs on both physiological and evolutionary timescales: We tested whether the evolution of increased tolerance of one stressor would lead to a correlated loss in tolerance of the others, and we tested whether simultaneous exposure to these stressors had synergistic physiological effects. To test for evolutionary trade‐offs, we hybridized two populations that were divergent for both heat and salinity tolerance, selected for increased tolerance of either heat, hyperosmotic, or hypo‐osmotic stress in replicate hybrid lines, and then tested whether evolution of increased tolerance to one stressor led to loss of tolerance to one of the others. Selection experiments are one of the most powerful tests for ecological tradeoffs, allowing genetic correlations among traits to be disentangled from correlated sources of selection (Fry [2003](#eva12394-bib-0021){ref-type="ref"}; Berger et al. [2014](#eva12394-bib-0005){ref-type="ref"}). In many laboratory selection experiments, the response to selection depends on standing genetic variation in the source population or new mutations that occur over the time frame of the experiment. By hybridizing populations that were divergent for heat and salinity stress and then selecting for increased tolerance in hybrids, we were able to directly target the alleles responsible for phenotypic divergence between these populations, separated by millions of generations of evolution, and ask whether the alleles responsible for differences in heat or salinity tolerance between the two populations have pleiotropic effects on tolerance of other stressors. We observed physiological, but not genetic trade‐offs to tolerance of multiple stressors. Our results have important implications for biological responses to environmental change, as they imply that the synergistic effects of multiple simultaneous stressors may impose a more important demographic constraint than trade‐offs imposed by negative genetic correlations among stress tolerance traits.

Methods {#eva12394-sec-0002}
=======

Field collection, crosses, and selection {#eva12394-sec-0003}
----------------------------------------

Field collection and copepod culture are described in detail in Kelly et al. ([2012](#eva12394-bib-0025){ref-type="ref"}). Briefly, we established laboratory cultures of *T. californicus* from two sites, Bodega Bay in northern California, USA (BB 39°20′N, 123°33′W) and San Diego in southern California (SD, 32°49′N, 117°16′W). At each site, we collected individuals from 3 to 4 tidepools. We initiated one laboratory culture for each pool, with 50 gravid females per culture, and maintained cultures at 19°C (*Tigriopus* pools in nature range from 0 to 35°C) under 12‐h light/12‐h dark conditions at ambient (35 ppt) salinity. We maintained cultures in the laboratory for two generations before establishing crosses. We kept generations separate and established each new generation with 40 haphazardly selected mate‐guarding pairs.

Previous work has established that copepods from northern and southern sites differ in their thermal tolerances, with LT~50~ temperatures of 34.8 and 36.5°C for BB and SD, respectively, and also that genetic variation for thermal tolerance within sites is quite limited, with 99% of genetic variation for thermal tolerance partitioned between sites (Kelly et al. [2012](#eva12394-bib-0025){ref-type="ref"}). We initiated the cross with 20 males from SD and 20 females from BB, teasing apart mate‐guarding pairs (males + virgin females) with a fine probe and then pairing each individual with a partner from the opposite population. To ensure successful mating had occurred, each pair was held separately in a 24‐well tissue culture plate until the female had produced her first brood. After that, all females and broods were combined into a single 500‐mL culture, and maintained as described above. We could be sure that each female mated only with the intended male because female *Tigriopus* mate once (after the final molt) and produce all subsequent broods from stored sperm (Burton [1985](#eva12394-bib-0009){ref-type="ref"}). Given that most of the genetic variation for thermal tolerance is partitioned between populations, we expected 20 individuals from each population to be sufficient to sample the majority of the genetic variation for thermal tolerance segregating between populations.

When the F1 generation reached adulthood, we created five replicate cultures, each established with 30 mate‐guarding pairs from the F1 generation (Fig. [1](#eva12394-fig-0001){ref-type="fig"}). Replicate cultures were also maintained at 19°C as described above. Starting in the F2 generation, we split each replicate line into three selection treatments, selecting for tolerance to heat, low salinity, and high salinity, respectively. Selection lines were propagated for five more generations, before remeasuring heat tolerance and testing for trade‐offs between heat and salinity tolerance. From each F2 line, we also established an 'unselected' control with 40 haphazardly chosen pairs each generation.

![Study design: Experimental crosses plus selection to test for genetic trade‐offs incurred in adapting to heat and salinity stress in the copepod *Tigriopus californicus*.](EVA-9-1147-g001){#eva12394-fig-0001}

To select for increased heat tolerance, we exposed \>80 mate‐guarding pairs to the temperature that produced 50--90% mortality for 1 h (36.0°C in the first generation of selection, increasing by \~0.1°C per generation of selection). We then established the next generation with 30 of the surviving mate‐guarding pairs. To select for increased tolerance of low salinity and high salinity, we placed 50 mate‐guarding pairs at 20 and 55 ppt, respectively, for each of five replicate selection lines. Thereafter, we decreased salinity by 2 ppt per generation for the low‐salinity selection lines, and increased it by 3 ppt per generation for the high‐salinity selection lines, and established each new generation with 50 mate‐guarding pairs.

Measurement of heat tolerance {#eva12394-sec-0004}
-----------------------------

After five generations of selection, we measured the effect of selection for increased heat tolerance on upper lethal limits following Kelly et al. ([2012](#eva12394-bib-0025){ref-type="ref"}). For each of the heat‐selected lines and unselected controls, we exposed sets of nine mate‐guarding pairs to a target temperature for 1 h, allowed 48 h for recovery, and then assessed survival. We did this for a series of 5--10 temperatures at 0.2°C intervals, spanning from the temperature that produced 90--100% survival to the temperature that produced 90--100% mortality, and then used the mortality at each temperature to estimate LT~50~ for each line via logistic regression in the statistical program R (R Development Core Team [2014](#eva12394-bib-0034){ref-type="ref"}). For each of the high‐ and low‐salinity selection lines, we measured heat tolerance twice: once for individuals that had been taken from the salinity selection line after five generations of selection, and then held under common garden conditions at ambient (35 ppt) salinity for one generation. Second, we measured heat tolerance for individuals from each selection line at their 'native' salinity (70 ppt for high‐salinity lines, 15 ppt for low‐salinity lines) after six generations of selection. This allowed us to separate any evolutionary loss of heat tolerance that might have occurred in the salinity selection lines from the possible synergistic physiological effects of simultaneously tolerating both heat and salinity stress. After estimating LT~50~ for each line, we tested for differences in temperature tolerance among treatments in two‐way ANOVAs, with LT~50~ estimates for each line × treatment combination as the response variable (R Development Core Team [2014](#eva12394-bib-0034){ref-type="ref"}). The first ANOVA tested for effects of heat selection and sex on heat tolerance at generation five of selection. The second ANOVA tested for effects of selection + salinity treatment and sex on heat tolerance at generation six of selection. We performed two separate ANOVAs for this analysis because each experimental test was paired with its relevant unselected control for that generation (five generations of selection for heat tolerance and 6 generations of selection for salinity) to account for minor fluctuations in incubator conditions and food quality, which might affect heat tolerance.

Measurement of fecundity {#eva12394-sec-0005}
------------------------

To test for an effect of selection treatment and ambient salinity on fecundity, we placed mate‐guarding pairs from each of the selection lines and controls (*N* = 6--8 per line × salinity treatment) in 15‐mL six‐well plates filled with artificial seawater at one of three test salinities: 20 ppt (low), 35 ppt (ambient), and 50 ppt (high) and maintained them at 19°C under 12‐h L: 12‐h D conditions. All adults and larvae in this experiment were fed ground spirulina fish food *ad libitum*. We followed each female until she produced three broods, or for 21 days, whichever came first. We recorded the day the female of each pair first became gravid and the dates of her first three broods. Each time a new brood hatched, the female was moved to a new well in the plate. Offspring from each brood were counted by individually pipetting larvae to a new dish. We calculated larvae produced per day for each female as the total number of larvae in the first three broods, divided by the number of days required to produce the first three broods, from the day she first became gravid. For females that produced fewer than three broods, we divided the total number of offspring produced in 21 days by 21. About 20% of females in each treatment failed to produce any larvae. We expected some level of brood failure, as crosses among populations of *T. californicus* experience substantial outbreeding depression (Edmands [1999](#eva12394-bib-0016){ref-type="ref"}), and even seven generations after the initial cross, these lines have likely not been completely purged incompatibilities leading to reproductive failure. A logistic regression indicated no differences between selection treatments or rearing salinities in the probability of brood failure, so females producing zero larvae were removed from further analysis. We tested for an effect of selection treatment and rearing salinity on larvae produced per day in a two‐way ANOVA in the statistical program R, with individual selection lines + salinity treatments as replicates.

Measurement of salinity tolerance and maintenance costs {#eva12394-sec-0006}
-------------------------------------------------------

We tested for an effect of selection treatment and ambient salinity on maintenance costs using a starvation experiment, under the assumption that selection + salinity treatment combinations with the lowest maintenance costs would have the longest survival during starvation (Evers and Kooijman [1988](#eva12394-bib-0019){ref-type="ref"}). Three groups of ten adult females from each selection line were placed under common garden acclimation conditions (35 ppt, 19°C) for 72 h, and then one group of ten was moved to each of three test salinities: low (5 ppt), medium (35 ppt), or high (90 ppt), and held without food at 19°C for 17 days. We checked each container for mortality every 2--3 days and estimated per‐day mortality rates via individual cox proportional hazard models, fitted to each selection line × salinity combination in the R package 'OIsurvival.' We tested for effects of salinity, selection regime, and a selection × salinity interaction in a two‐way ANOVA, with individual lines as replicates, after first log‐transforming per‐day mortality values to achieve normality.

Transcriptome sequencing {#eva12394-sec-0007}
------------------------

We measured the transcriptomic response to heat‐shock and to hypo‐ and hyperosmotic stress using RNA sequencing. The response to heat shock was measured as part of a prior experiment (Kelly et al. [2016](#eva12394-bib-0223){ref-type="ref"}). Briefly, we created six sequencing libraries, each from the pooled RNA of 30 hybrid copepods from the F4 generation. We created two libraries for each of three unselected control lines: one from 30 adults (males and females) that had been held at ambient temperatures and then flash‐frozen, and one from copepods that had been heat‐shocked for 1 h at 34°C, allowed 1 h to recover, and then flash‐frozen. To measure the transcriptomic response to low and high salinities, we created three libraries from individuals from the SD population for each of three salinities \[low (15 ppt), ambient (35 ppt), and high (60 ppt)\]: 50 copepods in each replicate were exposed to each salinity treatment for 1 h before flash‐freezing in liquid nitrogen.

Total RNA for all treatments was immediately extracted using the Qiagen RNeasy Plus Mini Kit. mRNA was isolated using the NEBNext Poly(A) mRNA Magnetic Isolation kit and libraries were prepared using either the NEBNext Ultra RNA library prep kit for Illumina and the AxyPrep Mag PCR Clean‐up kit (salinity experiment) or the Illumina TruSeq kit (heat‐shock experiment) (version 2; Illumina, San Diego, CA, USA), following the manufacturer\'s instructions. The distribution of fragment sizes was verified by running libraries on a Bioanalyzer high‐sensitivity DNA chip, and library concentration was quantified with qPCR using a Kapa Biosystems kit. Barcoded libraries were pooled in equimolar concentrations. 100‐bp single‐end reads were sequenced in two lanes (9--12 libraries per lane) on the HiSeq2500 platform using a TruSeq SBS sequencing kit v4 at the University of Illinois at Urbana‐Champaign Roy J. Carver Biotechnology Center (salinity experiment) or at the University of Davis Genome Center Core Facility (heat‐shock experiment).

Quality control and gene expression estimation {#eva12394-sec-0008}
----------------------------------------------

Reads were trimmed of adapter sequences and low‐quality bases using the wrapper script Trim Galore v3.8 with Cutadapt v1.7 and FastQC v0.11.2 under default settings. We mapped reads to a transcriptome previously assembled from reads for the SD population by Kelly et al. (accepted). Briefly, the final transcriptome was assembled from 44,617,800 pairs of reads to obtain a transcriptome sequence for the southern population. The final collapsed and filtered assembly contained 59,519 contigs with an N~50~ of 2969 bp and a GC content of 47.3%.

To measure gene expression, reads from each sequencing library were mapped to the transcriptome assembly separately using the default settings of RSEM v. 1.2.7 (Li and Dewey [2011](#eva12394-bib-0031){ref-type="ref"}). We investigated patterns of gene expression using the R Bioconductor package, limma (Law et al. [2014](#eva12394-bib-0030){ref-type="ref"}; Ritchie et al. [2015](#eva12394-bib-0035){ref-type="ref"}). Limma employs an empirical Bayesian method to estimate log‐fold changes in expression and has recently been shown to be more robust to false positives than methods that rely heavily on fitting a negative binomial distribution to the data (Law et al. [2014](#eva12394-bib-0030){ref-type="ref"}). In limma, we fit a generalized linear model to the data, testing for differences in gene expression between heat‐shocked and ambient temperature treatments, between low‐ and ambient‐salinity treatments, and between high‐ and ambient‐salinity treatments, setting the threshold for false discovery in all analyses to FDR \< 0.05 (Benjamini and Hochberg [1995](#eva12394-bib-0004){ref-type="ref"}).

Results {#eva12394-sec-0009}
=======

Heat tolerance {#eva12394-sec-0010}
--------------

After five generations of selection for increased heat tolerance, we measured the effect of selection on upper lethal limits following Kelly et al. ([2012](#eva12394-bib-0025){ref-type="ref"}) and estimated median lethal temperatures (LT~50~) temperatures for each line via logistic regression. A two‐way ANOVA revealed differences in LT~50~ temperatures as a function of sex (*F* ~1,16~ = 6.9, *P* = 0.02) and selection treatment (*F* ~1,16~ = 23.6, *P* = 0.0002), with heat‐selected lines exhibiting \~0.3°C greater heat tolerance in females, and \~0.5°C greater heat tolerance in males, in comparison with unselected controls (Fig. [2](#eva12394-fig-0002){ref-type="fig"}).

![Median lethal temperatures (LT ~50~) for male and female *Tigriopus californicus* from hybrid lines selected for increased heat tolerance for five generations, and for unselected controls. LT ~50~ temperatures for each of five replicates per treatment were estimated via logistic regression.](EVA-9-1147-g002){#eva12394-fig-0002}

After six generations of selection, we tested for an effect both of adaptation to salinity stress and of simultaneous heat and salinity stress on heat tolerance. A two‐way ANOVA revealed differences in LT~50~ temperatures among treatments (*F* ~9,36~ = 28.7, *P* \< 0.0001, Fig. [3](#eva12394-fig-0003){ref-type="fig"}). However, a *post hoc* test revealed no differences in heat tolerance between selected lines and unselected controls when all lines were held under common (35 ppt) conditions (Tukey--Kramer, *P* \> 0.05). Relative to controls at ambient salinity, there was a \~1.0°C reduction in heat tolerance when low‐salinity selected lines were held at low salinity (15 ppt), and an increase in heat tolerance in high‐salinity selected males, when held at high salinity (70 ppt).

![Median lethal temperatures (LT ~50~) for male and female *Tigriopus californicus* from hybrid lines selected for increased low and high salinity tolerance for five generations, and then either returned to ambient salinity, or held at their respective salinities for a sixth generation of selection. LT ~50~ temperatures for each of four replicate lines per salinity/selection combination were estimated via logistic regression. Shared letters above bars indicate treatments whose means do not differ (Tukey--Kramer, *P* \> 0.05).](EVA-9-1147-g003){#eva12394-fig-0003}

Fecundity and maintenance costs {#eva12394-sec-0011}
-------------------------------

A two‐way ANOVA revealed no effect of salinity on fecundity (*F* ~2,35~ = 2.39, *P* = 0.11), but a marginally significant effect of selection (*F* ~3,35~ = 2.86, *P* = 0.051) with the lowest fecundity in heat‐selected lines (Fig. [4](#eva12394-fig-0004){ref-type="fig"}). After eight generations of selection, we used a starvation experiment to test for an effect of selection regime and ambient salinity on maintenance costs. A two‐way ANOVA revealed an effect of selection regime (*F* ~3,36~ = 9.96, *P* \< 0.0001), and salinity stress (*F* ~2,36~ = 32.1, *P* \< 0.0001) on mortality rate, as well as an interaction between the two effects (F~6,36~ = 2.38, *P* = 0.048, Fig. [5](#eva12394-fig-0005){ref-type="fig"}). However, a *post hoc* test provided no evidence for adaptation of either the low‐ or high‐salinity selection lines to their native salinity regimes, as neither had a mortality rate lower than the control at its respective salinity (Tukey HSD \> 0.05). We observed the highest mortality rate in hypo‐osmotic selection lines under high salinity stress, which had a greater mortality rate than all of the other selection and salinity treatment combinations in a *post hoc* comparison (Tukey HSD, *P* \< 0.05).

![Mean fecundity (larvae per day, ±SE) for female *Tigriopus californicus* from hybrid lines selected for five generations for increased tolerance of heat, high salinity stress, and low salinity stress, as well as for unselected control lines.](EVA-9-1147-g004){#eva12394-fig-0004}

![Per‐day mortality rates for adult female *Tigriopus californicus* from four different selection treatments at low (5 ppt), medium (35 ppt), or high (90 ppt) salinities. Bars show mortality rate (estimated via cox proportional hazard model), mean ± SE.](EVA-9-1147-g005){#eva12394-fig-0005}

Gene expression {#eva12394-sec-0012}
---------------

We mapped sequence reads to a previously assembled reference transcriptome and fit a generalized linear model to the data, testing for differences in gene expression between heat‐shocked and ambient temperature treatments, between low‐ and ambient‐salinity treatments, and between high‐ and ambient‐salinity treatments. Setting the threshold for false discovery in all analyses to FDR \< 0.05 (Benjamini and Hochberg [1995](#eva12394-bib-0004){ref-type="ref"}), we identified 1488, 357, and 488 transcripts responding to heat shock, low salinity, and high salinity, respectively, but very little overlap among the transcripts responding to each stressor (Fig. [6](#eva12394-fig-0006){ref-type="fig"}). The transcriptional response to heat shock was enriched for catalytic, hydrolase, and exopeptidase activities, while the hyperosmotic response was enriched for protein binding, response to chemical, and protein homodimerization activity (Fisher\'s exact test, *P* \< 0.05). The functional category anion transmembrane transporter activity was significantly enriched in the response to low salinity (Fisher\'s exact test, *P* \< 0.05).

![Venn diagram showing number of differentially expressed transcripts in *Tigriopus californicus* in response to heat shock (1 h at 34°C), low salinity stress (1 h at 15 ppt salinity), and high salinity stress (1 h at 60 ppt salinity), FDR \< 0.05.](EVA-9-1147-g006){#eva12394-fig-0006}

Discussion {#eva12394-sec-0013}
==========

Trade‐offs may influence both physiological and evolutionary responses to co‐occurring stressors, but their potential importance in shaping plastic and adaptive responses to climate change is poorly understood. We used laboratory selection and physiological tolerance experiments to test whether responses to heat and salinity stress (two important stressors in intertidal habitats) would incur trade‐offs in the copepod *T*. *californicus*. When we crossed populations that were divergent for heat and salinity tolerance and then selected for increased heat tolerance for five generations, we observed increased heat tolerance in selected lines, but also reduced fecundity. This finding is in contrast to previous work, where we were unable to demonstrate a fecundity cost in female *Tigriopus* selected for increased heat tolerance (Kelly et al. [2013](#eva12394-bib-0026){ref-type="ref"}). However, in these previous experiments, the response to selection was driven by genetic variation *within* populations; it possible that alleles responsible for variation in heat tolerance *between* populations carry a larger cost (Willett [2010](#eva12394-bib-0043){ref-type="ref"}).

We also saw no evidence that selection for increased salinity tolerance leads to a loss of heat tolerance, indicating that the two traits are not genetically correlated. We selected for increased tolerance of both hyper‐ and hypo‐osmotic stress in hybrids by serially increasing or decreasing the rearing salinity of replicate lines over the course of five generations, but when we returned copepods from selected lines to ambient (35 ppt salinity), we observed no difference in heat tolerance of selected lines and controls. Our results are consistent with previous work in *Daphnia* where lines selected for increased salinity tolerance also failed to show a cost of increased salinity tolerance at nonstressful salinities (Latta et al. [2012](#eva12394-bib-0028){ref-type="ref"}). We also saw no evidence that selection for increased heat tolerance lead to decreased salinity tolerance, with similar survival at both high and low salinities for heat‐selected lines and controls.

In contrast to results for the heat tolerance selection lines, we saw no evidence that the salinity selection lines had adapted to their native salinity regimes, with neither the low‐ or high‐salinity lines having improved fecundity or survival at their native salinities. However, despite the lack of adaptation to their native salinity, the low‐salinity lines showed substantial loss of tolerance to high salinity, with nearly 10‐fold greater mortality than controls at high salinity. One possible reason for lack of adaptation in the salinity selection lines is that we did not impose strong enough selection. In the heat selection lines, we imposed at least 50% mortality every generation, whereas the salinity selection lines just experienced a gradual increase or decrease in salinity. Alternately, it is possible that there is simply less additive genetic variance for salinity tolerance segregating between populations than there is for heat tolerance.

An important challenge in interpreting our results is the extensive hybrid breakdown observed in interpopulation crosses of *Tigriopus* (Edmands [1999](#eva12394-bib-0016){ref-type="ref"}; Burton [1990](#eva12394-bib-0010){ref-type="ref"}; Ellison and Burton [2008](#eva12394-bib-0017){ref-type="ref"}). Hybrids typically show a dramatic decline in fitness in the F~2~ generation, followed by generations of interlocus selection that purges incompatible alleles, so that hybrid populations may eventually exceed the fitness of either parental population (Pereira et al. [2014](#eva12394-bib-0033){ref-type="ref"}). This underscores the importance of comparing selected lines with hybrid controls from the same cross, at the same generation. Because we expect the average effects of post‐hybridization intralocus selection to be the same for both selected lines and controls, we can then attribute changes in tolerance or fecundity (relative to the hybrid controls) to the effects of the selection regime, rather to the side effects of hybrid breakdown.

Despite the apparent lack of genetic correlation between heat and salinity tolerance, we observed synergistic physiological effects of heat and hypo‐osmotic stress, with copepods from low‐salinity lines held at their 'native' (15 ppt) salinity having \~1°C lower heat tolerance than control lines at ambient (35 ppt) salinity. However, we saw no evidence that the apparent physiological trade‐off between heat and salinity tolerance was driven by opposing effects on gene regulation. We observed 1488 transcripts that were differentially regulated in response to heat shock, but only 18 overlapped with the 357 transcripts responding to low salinity, indicating that the two stressors trigger unrelated physiological pathways. More likely, the observed synergistic effects of the two stressors are driven by competing energetic demands imposed by tolerating the two stressors. The response to hypo‐osmotic stress was dominated by transcripts involved in ion regulation, which may be quite costly (Kidder et al. [2006](#eva12394-bib-0027){ref-type="ref"}). In contrast, *Tigriopus* respond to heat shock through a combination of protein stabilization, and hydrolysis of mis‐folded aggregated proteins that accumulate after heat shock (Schoville et al. [2012](#eva12394-bib-0038){ref-type="ref"}). Although they involve nonoverlapping pathways, each response might incur energetic demands that would reduce tolerance to the other stressor. In addition, increased temperatures lead to increased permeability of membranes (Hochachka and Somero [1984](#eva12394-bib-0023){ref-type="ref"}), and so are likely to decrease the efficacy of active ion regulation.

Interestingly, exposure to hyperosmotic stress led to slightly higher heat tolerance (at least in males). This was not reflected the level of overlap among differentially expressed genes: Only 27 differentially expressed genes were shared between the two stress responses. However, the positive effects of hyperosmotic stress on heat tolerance might still be driven by a *functional* overlap in the two stress responses. The response to hyperosmotic stress was dominated by transcripts involved in protein stabilization, also a major component of the heat‐shock response (Feder and Hofmann [1999](#eva12394-bib-0020){ref-type="ref"}; Schoville et al. [2012](#eva12394-bib-0038){ref-type="ref"}). In particular, ten of the transcripts that were upregulated in response to hyperosmotic stress were heat‐shock proteins, mostly isoforms of hsp 70. Although this was small component of the total response, recent work using RNAi to manipulate gene expression has shown that a change in the expression of a single heat‐shock protein can alter heat tolerance (Barreto et al. [2014](#eva12394-bib-0003){ref-type="ref"}).

The interactive effects of co‐occurring stressors will depend on the specific biology of individual stress responses. Here, we have shown that, depending on the physiological basis of the two responses, they can either dampen each other\'s effects, as in the case of heat and hyperosmotic stress, or heighten each other\'s effects, as in the case of heat and hypo‐osmotic stress. Our results highlight the need for more physiological studies in the context of responses to multiple stressors, as the responses we observed depended on the specific combination of stressors, and could not have been predicted from the individual stress responses. Our results also highlight the utility of transcriptomic techniques for understanding physiological responses to multiple stressors: relatively few studies employed transcriptomic techniques in this context (DeBiasse and Kelly [2015](#eva12394-bib-0014){ref-type="ref"}), and the upregulation of heat‐shock proteins under hyperosmotic stress provided a mechanism for the positive effect of hyperosmotic stress on heat tolerance, a result that would otherwise have gone unexplained. Finally, our results also have important implications for biological responses to environmental change. As one of the few studies to test both physiological and genetic trade‐offs incurred in tolerating multiple stressors, our findings imply that the synergistic physiological effects of multiple stressors may have more important consequences than evolutionary constraints imposed by genetic correlations among stress tolerance traits.
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